We present a simple, reliable method for simultaneous detection of two distinct "As within the same tissue sample by double in situ hybridization histochemistry. Sections are hybridized with a cocktail of radiolabeled and digoxigenin-labeled cRNA probes. The digoxigenin-labeled probe is detected with an alkaline phosphatase (AI')-dependent chromogen reaction and then the radiolabeled probe is detected by conventional autoradiography. The sensi-tivities of the two detection methods are comparable and demonstrate the feasibility of using double in situ hybridization histochemistry to investigate the co-localization and co-regulation of "As that are expressed at relatively low levels. ( J H i s t d e m Cytodem 41:1741-1750, 1993) KEY WORDS: In situ hybridization; "A; Digoxigenin; Nonisotopic riboprobes.
Introduction
Recent advances in molecular biology have provided new tools that enable scientists to study gene expression in individual cells. As the template for protein synthesis, the amount of messenger RNA (mRNA) expressed by a cell for a particular gene provides information concerning the capacity of that cell to synthesize the protein of interest. Pieces of DNA or RNA, complementary to the mRNA of interest, are used as probes to specifically bind to target mRNAs and provide an index of gene expression. Performed in situ with radiolabeled probes, these semiquantitative hybridization assays can be used to study the localization and regulation of expression of any cloned gene within individual cells under various physiological and pharmacological conditions. Early protocols for in situ hybridization histochemistry (ISHH) used isotopic methods to detect hybridization signal (5,7,14,29). These methods provide high sensitivity and the ability to quantify the intensity of the hybridization signal (17, 26) . Recently, nonisotopic or colorimetric detection methods have been developed for ISHH (2,8,10,11,13,27 ). These procedures combine aspects of conventional in situ hybridization with detection methods derived from immunocytochemistry (ICC). The availability of multiple detection methods for ISHH has now enabled investigators to combine labeled probes and to simultaneously visualize two distinct mRNAs within individual neurons. This technique has enhanced our understanding of the richness and complexity of the brain and has provided a means to study gene regulation within a particular subset of mRNA-expressing cells.
A number of protocols using both cRNA and oligonucleotide probes are presently available that combine nonradioactive hybridization technology with traditional autoradiographic methodology (6,12,16,22,23,32). Some of the early double ISHH methods were limited by poor sensitivity and were suitable only for systems with abundant levels of gene expression, such as magnocellular vasopressin neurons (8, 22, 32) . Others were hampered by overly cumbersome protocols, such as sequential hybridizations (6, 22) . We present a protocol for simultaneous visualization of two species of mRNA in individual neurons using a cocktail of digoxigenin-and radiolabeled cRNA probes. Our goal was to develop a simple, reliable, and sensitive assay that could be used to study a variety of systems.
Description of the Method Basic Methodology
In prehybridization steps, we use RNAse-free procedures to minimize degradation of mRNAs within the tissue sample and to ensure a strong hybridization signal. Although some labs no longer use diethylpyrocarbonate (DEPC), we have continued to treat all solutions with this RNAse inhibitor (25). We bake all glassware (slides, slide carriers, dishes, coverslips, stir bars, spatulas) overnight and wear gloves throughout the procedures. All post-hybridization steps (including methods for color detection) must be less stringent than the wash steps. We run our pre-hybridization steps using metal slide carriers (30 slides) and glass staining dishes, and change solutions after every fourth tray to standardize our assays regardless of size and to reduce inter-and intraassay variability.
The assay as outlined in this protocol is run over a 4-day period. On Day 1 tissues are processed and hybridized. On Day 2 tissues are treated with RNAse, washed, and rinsed overnight in blocking solution. On Day 3 tissues are incubated with antibody, rinsed, and placed into chromogen solution overnight. On Day 4 the chromogen reaction is stopped and sections are dehydrated. Doublelabeled slides are then dipped in parlodion and coated with emulsion. We have set up the protocol so that a large assay can be easily run during an 8-hr day. However, steps of the protocol can be condensed into fewer days if necessary.
?%sue Preparation
Rats are sacrificed with CO2 and decapitated. Their brains are rapidly removed and frozen, cortex side down, on dry ice. Brain sections (20 pm) are cut on a cryostat according to a standard atlas plane and thaw-mounted on RNAse-free slides coated with 2% aminoalkylsilane in acetone (9) . Only one or two sections are mounted per slide. Slides are stored in black plastic boxes at -80°C before being assayed. Slides can be stored this way for several months with no apparent reduction in hybridization signal intensity.
We routinely sacrifice rats with CO2 before decapitation as recommended by the animal use guidelines established by NIH. Trunk blood is collected for assessment of hormone levels that are not affected by this procedure (e.g., gonadal steroids). We have assessed c-fos mRNA levels after CO2 sacrifice and have found no elevation in the level of expression for this early-immediate gene. Therefore, even though it takes several seconds for the animal to succumb after CO2 inhalation, we believe that this method of sacrifice does not influence the level of expression of our genes of interest.
Probe Preparation
Radiolabeled cRNA probes are synthesized in a standard in vitro transcription reaction (10 pl) containing 1 pg linearized plasmid DNA, 25 pM a-thio-UTP (ratio of 35S-labeled to unlabeled varies depending on probe), 50 pM each of rATP, rCTP, and rGTP, 40 mM Tris-HC1 (pH 7.5). 6 mM MgC12, 2 mM spermidine, 5 mM NaCI, 10 mM DTT, 4 U/ pl RNAse inhibitor, and 500-1000 U bacteriophage DNA-dependent RNA polymerase. The transcription reaction is run at 37°C for 30 min, after which 1 p1 of the appropriate polymerase is added and incubated for an additional 45 min. DNAse I and RNAse inhibitor are added and the reaction proceeds at 37°C for 15 min. The DNAse reaction is terminated by addition of 2 pl of 0.5 M EDTA. After addition of yeast tRNA as a carrier, the reaction is purified across a Nensorb-20 column (NEN Research Products; Boston, MA) according to the manufacturer's instructions. The labeled fraction is dried in a Speed-Vac (Savant Instruments; Farmingdale, NY), reconstituted in Tris-EDTA-DTT buffer, and stored at -20°C until use. The concentration of the stock probe is determined from the specific activity and the appropriate dilution to achieve 2 pmol/ml of probe cocktail is determined.
Digoxigenin-labeled probes are synthesized in an in vitro tran-scription reaction (20 pl) containing 2 pg linearized DNA, 400 pM digoxigenin-labeled rUTP (Boehringer Mannheim; Indianapolis, IN), 100 pM unlabeled rUTP, 500 pM each of rGTP, rATP, and 10 mM dithiothreitol (MT), 40 U RNAse inhibitor, 40 mM Tris-HCI (pH 7.5), 6 mM MgCl2, 2 mM spermidine, 5 mM NaCI, and 500-1000 U bacteriophage DNA-dependent RNA polymerase. The transcription reaction is run at 37°C for 45 min, and 1 pl of the appropriate polymerase is added and incubated for an additional 45 min. DNAse I and RNAse inhibitor are added and the reaction proceeds at 37°C for 10 min. The DNAse reaction is terminated by addition of 2 pl of 0.5 M EDTA and the digoxigeninlabeled probes are then purified on a Quick Spin G-50 Sephadex column (Boehringer Mannheim). After purification, the optical density of the stock labeled probe is determined with a spectrophotometer. A reading of 1 at 260 nm corresponds to approximately 40 pg/ml for single-stranded RNA. The digoxigenin label does not appear to contribute to the optical density reading, since a solution of pure digoxigenin in water does not give a reading at 260 nm. The concentration of the stock probe in pmol is then determined and the dilution necessary to achieve 2 pmol/ml of the digoxigenin-labeled probe in the final probe cocktail is calculated. For a variety of radiolabeled probes the signal is saturated at this concentration, as determined by the saturation curves, and the signal-to-noise ratio is optimal. We have also used this concentration for our digoxigenin-labeled assays.
The purified stock probe is stored at -20°C until needed. Digoxigenin-labeled probes are very stable and the stock probe can be stored for several months with no apparent loss of signal or increase in background staining. Each batch of labeled probe should be run in a test assay before use in an actual experimental assay.
We have run our digoxigenin-labeled probes on a gel, stained them with ethidium bromide, and determined that the labeling reaction results in full-length transcripts. We have also used optical density measurements to assess the recovery of probe from the spin columns and have found that although apparent volumes of the eluent may differ, the total amount of probe recovered is similar.
Prehy bridizatio n Peatmen t Pre-hybridization steps are adapted from Young et al. (31) and are the same as we have reported previously for the single in situ hybridization assay (20) . Slides are removed from the freezer, placed on foil, allowed to air-dry for 10 min, and loaded into slide trays. Sections are post-fixed in 4% paraformaldehyde in phosphate buffer (pH 7.5, 5 min) and rinsed in 0.1 M PBS (pH 7.2, 2 min). Both solutions are maintained in an ice-water bath. Sections are rinsed in 0.1 M triethanolamine (TEA) buffer (pH 8) at room temperature (RT) and treated with 0.25% acetic anhydride in 0.1 M TEA (pH 8, 10 min). The acetic anhydride is added to a dry, baked staining dish containing a stir bar. A try of slides is put into the dish and the 0.1 M TEA is added while stirring vigorously. Slides are rinsed in 2 x SSC (1 x SSC = 150 mM NaCI, 15 mM sodium citrate) and then dehydrated through a graded series of alcohols (70°/o, 95%, 100% for 2 min each), delipidated in chloroform ( 5 min), rinsed in alcohol (loo%, 95% for 2 min each), and air-dried.
Although we typically apply probe to the tissue sections immediately, we have found that slides processed to this point can be stored (RNAsc-free) for some period of time without detectable loss of signal. Needless to say, all slides to be compared in a single experiment should be handled and treated the same way.
In earlier versions of our double in siru protocol wc prc-incubated tissues with prc-hybridization buffer (hybridization buffer containing excess salmon sperm DNA or yeast tRNA but no probe) immediately before hybridization to reduce background binding of the probes. We have discarded this step because wc have effectively eliminated other sources of autoradiographic and colorimetric background. If desired. this step can be included after the tissues are processed and air-dried as outlined a h . Prc-hybridization buffer is then applied to the tissue, sections are coverslipped with a parafilm or silanizcd glass coverslip, and slida are incubated in a moist chamber at 50°C for 2 hr. After pre-hybridization. coverslips are removed in 2 x SSC and sections are again dehydrated through alcohols and air-dried. As will be discussed, wc have had excellent success in reducing background with radiolabeled proba by increasing the concentration of MT in our hybridization mix to 200 mM as recommended by Dagerlind et al. (6) . However. we have had no success hybridizing with fresh. unprocessed tissue as also recommended (6) . and have continued to process tissue as outlined above.
Hybridization
Slides are hybridized with a cocktail of digoxigenin-and radiolabeled probes. The labeled proba are thawed and added to a mixture containing 0.5 mglml yeast tRNA and TED (10 mM Tfis. 5 mM EDTA. and 10 mM MT) buffer. To denature the probes. this solution is heated at 70°C for 3 min and then quickly cooled on slushy ice. This mixture is then added to the hybridization buffer so that a final concentration of 50% deionized formamide, 10% dextran sulfate, 0.3 M sodium chloride. 10 mM %is, 1 mM EDTA, 1 x Dcnhardt's (0.2% each of Ficoll, bovine serum albumin, and polyvinylpyrrolidone), and 10-200 mM DTT is achieved. This probe cocktail is applied to the tissue (45 pl for a 22 x 50-mm coverglass; 30 pl for 22 x 22-mm coverglass) and sections are covered with a silanized coverslip. The slides are placed in a moist chamber and incubated overnight at a temperature determined to be 25% below the calculated Tm.
We have performed saturation curvcs for many of our probes and havc determined that the optimal probe concentration in the final hybridization mix for m m probes is approximately 2 pmollml. Therefore. stock probes are each added to the probe cocktail to achieve this final concentration. As described above. the concentration of the stock digoxigcnin-labeled probe is determined from its optical density reading and the concentration of the radiolabeled probe is determined from its activity. Since wc hybridize with a cocktail of probes. we must incubate at a temperature that will favor hybrid formation for both mRNA species, and we therefore subdone our probes to have compatible thermal stabilities.
Some radiolabeled probes seem to have inherently higher background (nonspecific binding of probe andlor radiolabel) than other probes. This background binding is frequently associated with white matter or compact cell layen and is not readily eliminated by increasing the stringency of hybridization or wash conditions. For thcx probes, we have obscrvcd that the single most effective method of reducing autoradiographic background is to increase the con-centration of DIT in the hybridization mix from 10 mM to 200 mM (6) . This can dramatically improve the results for some probes and significantly enhances the signal-to-noise ratios of relatively low-abundance mRNAs (Figure 1 ). In addition. the increased levels of MT d o not interfere with our digoxigenin protocol. as the tissues are extensively washed before the alkaline phosphatase (AP) reaction steps. We have succcssfully used 200 mM M? to enhance hybridization signal in human brain sections, where we have observed higher levels of background binding than are normally seen with rat brain sections. Since exposure to MT poses some health concerns. wc work under a hood when using these solutions.
We have also radiolabeled some probes with [3jP]-UTP. with exccllcnt results. This label exhibits low background binding and has an excellent signal intensity that optimizes detection of lowabundance mRNAs. Because of the cost of [33P]-UTP and the amount required to run a large in situ hybridization assay, routine use of 33P-labeled probes is not feasible. We have had equally good success at controlling background binding and increasing signalto-noise ratios in our [ 35S]-UTF-labeled probes by increasing DTT levels in the hybridization mix and by labeling probes for lowabundance mRNAs with 100% [35S]-UTP.
Post-hybridization Washes
After incubation, coverslips are removed by rinsing the individual slides in 2 x SSC. Slides are loaded into slide trays and treated with RNAse A (50 pglml in RNAse buffer: 10 mM Tris, pH 8, 1 mM EDTA, 50 mM NaCI) for 30 min, 37°C. Slides are washed in RNAse buffer (30 min. 37°C). rinsed in 1 x SSC (RT, 15 min), and washed twice in 0.1 x SSC (at 20% below the calculated Tm for 30 min) in a shaking water bath. Slides receive a final rinse in 0.1 x SSC (RT, 15 min).
For small assays, RNAse treatment and hot washes are done in glass staining dishes. For large assays (six trays or more), we do the washes in plastic boxes made by Rubbermaid and available at any local hardware store. These boxes hold six trays of slides, fit into our water baths, and have built-in handles that make them easy to use. Plastic boxes used for the RNAse steps are stored separately to avoid RNAse contamination of the lab.
Immunocytochemical Detection of Digoxzgenin-la&elea' Probes
Blocking Step. Next, slides are treated with 2% normal sheep serum (NSS) and 0.05% Triton X-100 in 2 x SSC. For convenience we usually perform this step at 4% overnight; however, the duration of this blocking step can be reduced to 1-2 hr at RT.
On occasion we have observed some staining of red blood cells on the tissue surface after the color detection steps. To eliminate the potential contribution of red cells in the NSS to this problem, we centrifuge the serum and then filter the supernatant through disposal Millipore syringe filters (0.22 pm pore size) before use. We have also found that 5 YO powdered milk can be effectively substituted for NSS in the blocking step and can also be used for dilution of the antibody. Antibody Incubation. After the blocking step, slides are washed twice (5 min) in Buffer 1 (50 mM Tris-HCI, 225 mM NaCI, pH 7.5) and are then placed in plastic slide mailers (Marin Lab Supply; San Rafael, CA) containing the diluted antibody. The antidigoxigenin antibody fragment, conjugated to AP (Boehringer Mannheim) is diluted (1:1000) in buffer 1 containing 1% NSS and 0.3% Triton X-100. Slides are incubated for 3 hr at 30°C. After incubation with the antibody, slides are returned to the metal slide trays, washed in Buffer 1 (10 min), and then washed in Buffer 2 (100 mM Tris-HC1, 100 mM NaCI. 50 mM MgC12, pH 9.5, 10 min).
We routinely incubate our slides with antibody in slide mailers to ensure uniform and unlimited access of antibody to the tissue. These mailers hold five slides and a volume up to 10 ml. To reduce the volume of antibody required in the mailers to 5 ml. we mount the brain sections towards the end of the microscope slides. Others have reported incubating with antibody (200 pllslide) under a Parafilm coverslip (16) to substantially reduce the amount of antibody required.
Visualization of Digoxigenin-labeled Probes. Digoxigeninlabeled probes are visualized by incubating the slides in a chromogen solution [ Buffer 2 containing nitroblue tetrazolium chloride (340 pglml), 5-bromo-4-chloro-3-indolyl-phosphate (175 pglml), and levamisole (240 pglml)]. After the buffer washes, the slides are placed in slide mailers containing the chromogen solution and the mailers are wrapped tightly in aluminum foil. We usually allow the reaction to proceed overnight at 4°C. When the color reaction has proceeded to completion, slides are removed from the mailers and placed in a staining dish containing 10 mM Tris-HC1 (pH 8) and 1 mM EDTA (Buffer 3) to terminate the reaction (RT for at least 30 min, but slides are stable in Buffer 3 and we usually leave them in it for 3 hr before dehydration).
The chromogen solution is light-sensitive and should be prepared immediately before use. We mix the solution in a foil-wrapped flask on ice, filter it with a disposable Millipore filter (0.22 pm), and pipet it into each slide mailer immediately before transferring the slides. Filtering the chromogen solution decreases the appearance of crystalline artifacts in the background.
The AP-dependent reaction results in the deposition of a purple, water-insoluble reaction product in cells that express the target mRNA and hybridize with the digoxigenin-labeled probe (Figures 2 and 3) . Cells that express abundant levels of mRNA will contain more chromogen reaction product than those that express less abundant levels of "A.
For example, magnocellular vasopressin neurons in the paraventricular nucleus may contain so much reaction product that they will appear almost black, whereas vasopressin cells in the medial amygdala on the same section will be stained purple. Since the chromogen reaction product can interfere with the visualization of silver grains produced in the emulsion by the radioactive probe, assay parameters should be piloted out for the cells of interest so that the purple reaction product is not too intense for visualization of autoradiographic grains. The background should be barely detectable and will appear a creamy, translucent beige.
A -
The color reaction is time-and temperature-dependent (as well as light-sensitive). In addition to affording convenience, we have found that we obtain very consistent results by incubating slides in the refrigerator (4'C) overnight. The reaction proceeds more rapidly at RTor when warmed to 37"C, and these options can be used to speed up color development. However, we have found that the temperature of our laboratory varies too much across the seasons to give us predictable reaction times and therefore we recommend regulating the temperature either in the refrigerator or an incubator.
In each assay we designate several slides to use as test slides for color development and these slides are placed in their own mailers. When wc check color development on the test slides, the mperimental slides are not jeopardized. Test slides can be removed from the chromagen solution, rinsed in Buffer 2. and coverslipped wet with the buffer. The intensity of chromogen deposition and background labeling can be checked under the microscope and, if necessary, the slides can be placed back in the chromogen solution for further color development. These same slides can also act as test slides for determining whether the exposure time of the emulsion is adequate.
Autoradiographic Detection of Radio fabe fed Probes
Parlodion Treatment. After Buffer 3, slides are rinsed briefly in 70% ethanol and then dried with a stream of cool air from a hair dryer (this method of drying eliminates potential loss of the color reaction product, which is soluble in ethanol). When completely dry, slides are coated with a thin layer of 3% parlodion (Fisher Scientific; Springfkld, NJ) in isoamyl acetate and allowed to air-dry.
The parlodion layer prevents the negative chcmography that oc-curs between the color reaction product and the Kodak NTB-2 emulsion. The thickness of the parlodion layer required depends on the intensity of the chromogen reaction product deposited within the tissue. If a layer of 3% parlodion does not sufficiently block the negative chcmography. the best option may be to reduce the level of color development. since thicker layers of parlodion can intcrfere with the autoradiographic signal. We use the parlodion method developed by Marks et al. (16) . which is a modification of the original method developed by Young et al. (31) . We agree that isoamyl acetate is a superior solvent for the parlodion and results in a transparent, even coating of plastic. Before coating with parlodion. we usually appose a few slides to film (Hyperfilm D-max) (Amersham; Arlington Heights, IL) to verify that the radiolabeled portion of the assay is a succcss before coating all of the slides with emulsion. This gives us more rapid feedback about the success of our assay than we would otherwise get from emulsion alone. and the exposure time required for film allows us to better estimate the ocposure time required for emulsion.
Autoradiographic Emulsion. When the parlodion layer is completely dry. slides are dipped in NTB-2 photographic emulsion (Eastman Kodak; Rochester. NY) diluted 1:l with 600 mM ammonium acetate. The slides are air-dried for 2 hr, loaded into black plastic slide boxes, and stored at 4'C for the necessary period of time. Emulsion is then developed in D-19 developer diluted 1:1 with water (I6'C). rinsed in deionized water, and fixed in Kodak fixer (No. 1971746; Eastman Kodak) (Ib'C). After rinsing in water, slides are quickly dehydrated through a graded series of alcohols (70%. 95%. 100%). cleared in Hemo-De (Fisher). and coverslipped with Permount (Fisher). Alternatively. slides can be dried with a hair dryer after being rinsed in 70% alcohol and then coverslipped with Permount (this minimizes the loss of chromogen reaction product with alcohol exposure).
Slides should be handled gently during these steps. Overly vigorous rinsing or shaking of the slides in the solutions can cause the parlodion and emulsion layers to slip or even slough from the tissue.
Some researchers have reported that Ilford K-5 emulsion (30) exhibits less negative chemography with the chromogen deposit than Kodak NTB-2 and does not require the use of parlodion. We have tried both emulsions but have had better success with the method outlined a h . We have also obserwd that one added benefit of the parlodion layer is to prcvcnt tissues from turning purple when exposed to the photographic fixer. This is apparentlvcaused by residual chromogen solution left on the tissue. We have found that cven tissues that are hybridized only with radiolabeled probe (no digoxigenin probe) but incubated with antibody and chromogen solution turn purple when exposed to photographic fixer if not coated with parlodion (Figure 4) . This purple artifact makes the tissue slices appear as if they have been Nissl-stained. Individual cells are visible and layers of cells stand out. whereas fiber tracts do not stain. e In whole cells the cytoplasm is filled with color reaction product, which often extends into cell processes. In transccted cells reaction product is absent over the region of the cell nucleus ( Figure  6 ). The tissue background is a translucent. creamy beige. Since counterstaining with a Nissl stain obscures the digoxigenin signal. doublelabeled slides are not counterstained.
The color reaction product deposited in digoxigenin-labeled cells can interfere with visualization of autoradiographic grains in the emulsion when conventional transmitted darkfield microscopy is used. Therefore. wc use reflected-light darkfield (cpifluoresccncc: a mercury lamp and power source combined with an immunogold polarizing cube) on our Nikon Optiphot I1 microscope. The beam of the mercury lamp should be centered and then diffused (not focused) until an even field of illumination is achieved. Transmitted brightfield can be used in conjunction with reflected-light darkfield so that the chromogen precipitate and the autoradiographic grains can be visualized simultaneously. An oil-immersion objcctive can be used to reduce the "milkiness" of the darkfield image. by decreasing glare caused by light bouncing betwccn the glass surfaces of the coverslip and the objective. However. this is optional and an excellent image can be obtained with dry objectives. Cells can be grain-counted in reflected-light darkfield with an automated image analysis system. The homogeneity of the field can be assessed by grain-counting the same cell in several regions of the field and assessing the variability across the field. The homogeneity of the field can be improved by adjusting the mercury lamp.
Controls
Whereas optimizing assay parameters helps to eliminate falsenegatives. controls help to identify false-positives. Both autoradiographic and colorimetric signals must be determined to result from Some of the controls used for the double in situ hybridization assay are the same as those used for hybridizing with a single radiolabeled probe, howcvcr. validation of the colorimetric and co-localized signals entails some additional controls.
The specificity of binding of each probe should be determined in single 3'S-label assays. This typically entails determining that each probe binds to a single species of mRNA under the assay conditions used. Since the stability of RNA-RNA hybrids is temperature-dependent. thermal melting c u m can be generated as a measure of specificity. Specific hybridization signal should be lost in all regions. as predicted by the theoretical Tm. Another test for Specificity is to show that multiple probes that are complementary to nonhomologous regions of the message hybridize to the same cells. In addition, specific signal can be competed off with excess unlabeled probe. Other commonly used controls include (a) confirming that signal is lost when tissue sections are prc-treated with RNAsc to destroy mRNAs and (b) confirming the absence of signal when sections are hybridized with labeled sense probes.
When possible, an anatomic criterion for signal specificity should be used. Localization of target mRNA should make anatomic sense according to other available information derived by ICC or radioimmunoassay. Sometimes. however, the findings of in situ hybridization studies conflict with data derived by ICC. When this occurs. the discrepancy must be resolved with another method, such as Northern blot analysis or solution hybridization. Such discrcpancies may be biologically relevant (i.e.$ reflect differences in the translation of the message or in post-translational processing of the precursor) or they may be due to artifact introduced by differences in ICC and ISHH methodologies. For example. pre-treatment of rats with colchicine is routinely used for ICC studies but not for in situ hybridization studies. Colchicine treatment increases cell staining for a variety of neurotransmitters and neuropeptides. presumably by blocking axon transport and thereby leading to incrcascd concentration of antigen within the cell body. Recent data. however, suggest that colchicine treatment may differentially affect gene cxprcssion for scvcral neuropeptides and neurotransmitter enzymes (4). This regulation of gene expression by colchicine may underlie some of the observed discrepancies between findings obtained by ICC vs ISHH.
Once the specificities of the probes are verified in single radiolabel assays, controls must be run to validate signal detection in a single colorimetric assay. The distribution of signal obtained with digoxigenin-labeled probes should be identical to that derived with radiolabeled probes. In our experience, nonspecific binding (background) associated with radiolabeled probes differs from that associated with digoxigenin-labeled probes. Whereas high background in a 3sS assay is frequently associated with white matter (e.g.. corpus callosum, optic tracts), high background in a digoxigcnin/AP assay is associated with cells, not white matter, and may appear similar to specific cellular staining (Figure 7) . Therefore. background artifacts in a colorimetric assay tend to produce more false-positives than occur in an isotopic assay.
Excess background can be introduced by a variety of digoxigenin assay paramerers. including: (a) digoxigcnin-labeled probe concentration too high; (b) chromogen solution incubation too long; and (c) insufficient layer of parlodion in double-label assays. Controls for assessing specificity of digoxigenin signal include some of the same controls u x d for radiolabel assays. Specific signal should be abolished by RNAsc pre-treatment and competed off by excess unlabeled probe. Labeling should be absent in alternate sections hybridized with digoxigenin-labeled sense probes. Likewise. spccific signal should be abolished in sections hybridized with hybridization buffer only (no probe) or digoxigenin-labcled probe but incubated without anti-digoxigenin antibody. These controls help to differentiate staining that results from specific recognition of the digoxigenin labcl by the anti-digoxigenin antibody from staining due to artifact (e.g.. interactions between endogenous APs in the tissue with the chromogen solution or the chromogen solution with autoradiographic fixer).
Verification of specific signals in double-labeled cells requires some additional controls for double ISHH assays. Alternate sections can be double-labeled using the reverse combination of labeled cRNA probes (reversing the detection methods) without altering the incidence of co-expression. If the appropriate controls are run in the initial validation of the single-radiolabel and digoxigenin-labeled ISHH assays, false-negatives rather than falscpositives are the errors most likely to occur in identification of double-labeled cells. One factor that can contribute to the introduction of false-negatives is the negative chemographic interaction between the purple reaction product and the emulsion. If the color reaction product is abundant. the parlodion layer may not be sufficient to inhibit this negative chcmography and the presence of radiographic signal associated with the cells may be obscured. If this occurs, the intensity of digoxigenin-labeled cells can be reduced by decreasing the chromogen reaction time or by reducing the amount of digoxigenin label on the probe (decreasing the digoxigenin-UTP to UTP ratio in the labeling reaction).
False-negatives can also be caused by the failure of a weak radiographic signal to penetrate the parlodion layer and adequately expose the emulsion. In this case, the specific activity of the radiolabeled probe can be increased by labeling the probe with a higher percentage of "hot" nucleotides and increasing the exposure time. In addition, the thickness of the parlodion layer can be reduced by using a less concentrated parlodion solution (e.g., 2% parlodion in isoamyl acetate); however, reducing the thickness of the parlodion layer may increase artifacts arising from negative chemographic interactions between the color reaction product and the emulsion.
Examples of Results
Double ISHH can provide basic anatomic information about the co-localization of multiple "As as well as quantitative information about the regulation of expression of a particular gene within an identified population of cells. In the rat, one major advantage of double ISHH over double ICC is the ability to detect multiple mRNAs in tissues of non-colchicine-treated animals. This enables the researcher to investigate anatomy of systems in their true basal state without the confounding problems associated with colchicine treatment. Researchers can address questions concerning the activation of particular pathways after pharmacological and/or behavioral challenges. One potential limitation of single or double ISHH is that the method identifies only cells that are actively expressing mRNA for substances being synthesized. Numbers of cells containing a protein that is abundant but relatively rarely synthesized (e.g., some receptor proteins) may be underestimated, since the expression of the mRNA is very low. Another limitation of double ISHH is the temporal nature of the mRNA and the possibility of a differential time course of expression of the two "As.
For example, the transient nature of expression of the early-immediate gene c-fos may make it technically difficult to resolve whether c-fos acts as a transcription factor within a particular cell to induce transcription of other genes within the cell after behavioral or pharmacological activation. These types of technical limitations call for caution in interpreting any negative findings based on double-ISHH studies.
Co-localization of "As
for Two Peptides. Using double ISHH, we determined that the majority of neurons synthesizing vasopressin (VP) in the bed nucleus of the stria terminalis (BNST) and medial amygdala (AMe) of the male rat brain also co-express galanin (GAL) mRNA (21) . Likewise, the majority of neurons expressing GAL mRNA in these regions also contained VP mRNA.
Although VP and GAL were known to be co-localized within magnocellular VP neurons in the supraoptic and paraventricular nuclei on the basis of immunocytochemical evidence (18) , and GAL immunoreactive neurons had been identified in the BNST and AME (28), our study was the first evidence for the co-localization of these two peptides within these regions ( Figure 5 ). Performing double ISHH for VP mRNA and pro-enkephalin mRNA, we were unable to confirm earlier immunocytochemical reports of VP and enkephalin co-localization in the BNST, as occurs within magnocellular neurons (24). Neurons expressing enkephalin, however, were present in the BNST in the immediate vicinity of VP neurons. As discussed above, technical differences involving the use of colchicine for ICC but not ISHH, or differences in the sensitivities of the assays, may underlie the discrepancy between these findings.
Double ISHH was successfully used by Marks et al. (16) to confirm the existence of a sexual dimorphism in the incidence of GAL mRNA and gonadotropin-releasing hormone (GnRH) mRNA coexpression within neurons of the rat forebrain, which was originally observed by Merchenthaler et al. (19) using immunocytochemical techniques. Marks et al. (15) also recently observed a significant variation in GAL gene expression across the estrous cycle in the subset of GALsynthesized neurons that co-express GnRH.
Co-localization of Peptide mRNA with Receptor "A.
GAL immunoreactivity is present within some estrogen-concentrating neurons of the medial preoptic area ( 3 ) . VP-immunoreactive neurons in the BNST also contain estrogen receptor (ER) immunoreactivity (l), and these neurons are presumably the same as those in which we also found GAL mRNA (21). We recently used double ISHH to verify the presence of ER mRNA within GAL neurons in these regions in intact and castrated male rats. Although some cells in both regions clearly express both GAL mRNA and ER mRNA by digoxigenin-labeled ISHH, preliminary observations indicate that the majority of GAL neurons in these regions are not readily identifiable as having ER mRNA. Although the intensity of the ER gene expression in both regions is enhanced by castration, the intensity of the GAL signal is reduced after castration. This results in no appreciable improvement in the signal-to-noise ration of double-labeled cells. Thus, the number of GALexpressing neurons that can be unequivocally identified as positive for ER by double ISHH is less than that estimated with ICC, and the procedure probably underestimates the actual incidence of co-expression. Since ISHH identifies only cells that express a given message and does not specify whether a cell contains the translated protein, many cells that appear to be negative for ER mRNA may actually contain substantial amounts of ER. Some of these technical difficulties arise because GAL mRNA and ER mRNA are regulated in opposite directions by estrogen, and this results in reduced assay sensitivity. This kind of problem would probably not be encountered with a situation in which both mRNAs are regulated in the same direction (e.g., ER gene expression in pro-opiomelanocortin neurons of female rats, since both mRNAs would presumably be elevated after ovariectomy).
CO-localization of Peptide " A
and c-fos mRNA. We have initiated the use of the double-ISHH assay to assess which type of cells express the early-immediate gene c-fos after behavioral or pharmacological activation. In collaboration with Dr. Kalpana Merchant, we have observed that treatment of rats with haloperidol (1 mg/kg IP) results in the co-expression of c-fos mRNA and neurotensin mRNA in the lateral striatum (unpublished observations). These results are consistent with the hypotheis that c-fos acts as a transcription factor for induction of neurotensin gene expression in this region after dopamine receptor blockade (Figure 8 ). The double-ISHH assay makes it possible to study this type of question, which could not be addressed with double ICC due to the confusion resulting from the required colchicine treatment.
Conclusion
We have presented a simple, reliable method for the simultaneous visualization of two different species of mRNA within the same tissue sample, using a combination of digoxigenin-and radiolabeled cRNA probes. We have outlined the protocol for the double ISHH and discussed the necessary controls for the use of digoxigeninlabeled probes in single and double ISHH, as well as limitations of the assay and examples of specific applications. The sensitivities of the digoxigenin-alkaline phosphatase and isotopic detection methods are comparable. This procedure appears to be feasible for the study of mRNAs with relatively low levels of expression and can be used to address questions that could not be approached with conventional immunocytochemical techniques. 
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